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Summary
Background: Repair of DNA double-strand breaks (DSBs)
by homologous recombination requires 50-30 resection of the
DSB ends. In vertebrates, DSB resection is initiated by the
collaborative action of CtIP and the MRE11-RAD50-NBS1
(MRN) complex. However, how this process occurs within
the context of chromatin is still not well understood.
Results: Here we identify the human SRCAP chromatin re-
modeling complex as a factor that promotes CtIP-dependent
DNA-end resection. We show that SRCAP, which is mutated
in Floating-Harbor syndrome, confers resistance to DNA dam-
age-inducing agents and is recruited to DSBs. Moreover, we
demonstrate that SRCAP is required for DNA-end resection,
and thereby for recruitment of RPA and RAD51 to DSBs, and
for the ensuing homologous recombination. Finally, we reveal
that SRCAP forms a complex with CtIP and promotes accu-
mulation of CtIP at DSBs through a mechanism involving its
ATPase activity.
Conclusions: Our study implicates the human SRCAP chro-
matin remodeling complex as a novel regulator of DNA dam-
age responses that orchestrates proper signaling and repair
of DSBs in the context of chromatin.Introduction
DNA double-strand breaks (DSBs) are highly cytotoxic lesions
that, if unrepaired or repaired incorrectly, can cause cell death,
mutations, and chromosomal instability. DSBs are repaired by
twomajor pathways—nonhomologous end joining (NHEJ) and
homologous recombination (HR) [1–3]. NHEJ involves error-
prone end-to-end ligation of the DSB end, and this pathway
is most prevalent in the G1 phase of the cell cycle [1–3]. In
contrast, HR allows precise repair of DSBs and occurs primar-
ily in the S and G2 phase [1–3]. HR depends on the presence of
a sister chromatid and requires extensive DNA-end resection
to generate stretches of single-stranded DNA (ssDNA) that
can invade the homologous DNA strand [1–3]. DNA-end resec-
tion occurs via a two-step process that can be divided into
resection initiation and resection extension [1–3]. In the first
step, the MRE11-RAD50-NBS1/XRS2 (MRN/X) complex and
the associated CtIP/Sae2 protein initiate limited resection
of the break ends [2–9]. In the second step, the short 304Co-first author
*Correspondence: jhuang@zju.edu.cnoverhangs created are further processed by two alternative
pathways, one dependent on the 50-30 exonuclease Exo1 and
the other dependent on the helicase-nuclease protein com-
plex BLM/Sgs1-Dna2 [8, 10–14]. While considerable advances
have been made in identifying the proteins that are directly
involved in DNA-end resection, how this process occurs within
the context of chromatin is still incompletely understood.
ATP-dependent chromatin remodelers are large multisubu-
nit complexes that couple ATP hydrolysis to alterations in
histone-DNA interactions and nucleosome mobility, thereby
modifying the structure of chromatin [15–18]. Studies have
shown that the ATP-dependent chromatin remodeling com-
plexes play important roles in many cellular processes that
involve DNA, including transcription, replication, and repair
[15–18]. For instance, the INO80 and related SWR1 complexes
bind to chromatin surrounding DSB sites and assist DSB repair
[19–22]. The human SRCAP chromatin remodeling complex
includes the SNF2 family adenosine triphosphatase (ATPase)
SRCAP, which is closely related in amino acid sequence to
the S. cerevisiae SWR1 ATPase [15, 23]. SRCAP was originally
identified as a CBP-binding partner [23]. Mutations in SRCAP
are responsible for a rare genetic disorder known as
Floating-Harbor syndrome [24]. In addition to the SRCAP pro-
tein, the SRCAP complex includes the actin-related proteins
Arp4 and Arp6, the AAA+ ATPases Tip49a and Tip49b, and
the DMAP1, Gas41, YL1, and ZNHIT1/p18 proteins [25–27].
Although studies have shown that the SRCAP complex is
capable of remodeling chromatin by catalyzing the incorpora-
tion of H2AZ-H2B dimers into nucleosomes, its physiological
role in vivo remains poorly understood [26–28].
In this study, we show that the human SRCAP complex
promotes DSB resection and HR, hence contributing to cell
survival upon exposure to DNA damage-inducing agents.
Our findings establish SRCAP as a newly identified regulator
of DNA damage response pathways and highlight the impor-
tance of ATP-dependent chromatin remodeling in maintaining
genomic integrity.
Results
SRCAP Affects Cellular Response to DNA Damage and Is
Recruited to DSBs
SRCAP is a multidomain protein and contains a helicase-
SANT-associated domain at its N terminus, an SNF2-like
ATPase domain and a CBP-binding domain in the middle re-
gion, and three AT-hook DNA binding motifs at the C terminus
[23, 24] (Figure 1A). To determine whether SRCAP plays a role
in the DNA damage response, we examined how its depletion
affected clonogenic survival of HeLa cells following their treat-
ment with DNA-damaging agents. Remarkably, SRCAP deple-
tion rendered cells more sensitive toward camptothecin (CPT),
ionizing radiation (IR), andmitomycin C (MMC) (Figures 1B and
1C; Figure S1A available online). These results suggest that
SRCAP is required for cell survival after DNA damage.
At DSB sites, gH2AX foci persist if DSBs are not repaired. To
examine whether SRCAP has a role in DSB repair, we analyzed
gH2AX foci formation in control or SRCAP-depleted cells that
were either untreated or exposed to IR. Interestingly, SRCAP
depletion resulted in elevated levels of spontaneous gH2AX
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Figure 1. SRCAP Is Involved in Cellular Response to DNA Damage
(A) Schematic representation of human SRCAP protein.
(B and C) HeLa cells were infected with nontarget, SRCAP-specific, or CtIP-specific lentiviral shRNAs and cultured in medium containing puromycin for
4 days. The resulting stable knockdown cell lines were treated with indicated doses of CPT, IR, or MMC, and cell survival assays were performed according
(legend continued on next page)
Current Biology Vol 24 No 18
2098
SRCAP Regulates Homologous Recombination Repair
2099foci (Figures 1D–1F). Moreover, at 48 hr after IR treatment,
whilemost of the gH2AX foci have disappeared in control cells,
suppression of SRCAP prolonged their appearance (Figures
1D–1F). These results suggest that SRCAP is required for
timely DSB repair.
To examine whether SRCAP modulates DSB repair in
the context of chromatin, we performed biochemical fraction-
ation and determined that the majority of the SRCAP protein
remained in the chromatin-enriched fraction (Figures S1B
and S1D). Moreover, the chromatin-associated SRCAP can
be released upon nuclease treatment (Figures S1C and S1E).
Many proteins involved in the DNA damage response can
be recruited to DNA lesions. To determine whether this is also
the case for SRCAP, we used a cellular system (a U2OS clone
carrying the DR-GFP homologous recombination reporter)
in which expression of exogenous I-SceI endonuclease intro-
duces a single DSB in the cell’s genome [29]. As expected,
we observed recruitment of RAD51 to I-SceI-induced DSBs
(Figure 1G). Importantly, targeted SRCAP chromatin immuno-
precipitation (ChIP) showed that SRCAP at the I-SceI break
site increased after DSB induction (Figure 1G). SRCAP recruit-
ment to the damaged DNA was also detected by coimmu-
nofluorescent staining with g-H2AX at laser-induced DNA
damage stripes (Figure 1H). These results suggest that the
localizationofSRCAP is regulated in response toDNAdamage.
SRCAP Depletion Inhibits Homologous Recombination
DSBs can be repaired by either HR or NHEJ. We examined
whether SRCAP affects the repair of DSB by HR or NHEJ using
cell lines bearing DR-GFP [29] or EJ5-GFP [30] reporter
cassettes, respectively. SRCAP depletion decreased HR fre-
quency to a level similar to that achieved by depleting the
key HR factor CtIP (Figures 2A and 2B). Conversely, we
observed a slight increase in NHEJ frequency upon SRCAP
depletion (Figures 2C and 2D). These findings, together with
the observation that the recruitment of SRCAP to DSBs
increased in S and G2 phases (Figure S1F), suggest that
SRCAP promotes DSB repair by HR.
To investigate how SRCAP facilitates the HR process, we
studied recruitment of RAD51 to sites of DNA damage, a
step that is required for RAD51 to perform its DNA recombi-
nase function. We found that depletion of SRCAP severely
reduced recruitment of RAD51 to IR-induced DNA damage
foci (Figures 2E and 2F) and to I-SceI-induced DSBs (Fig-
ure 2G). In contrast, SRCAP depletion had no effect on g-
H2AX, 53BP1, and BRCA1 focus formation (Figures 2H–2K).
These results suggest that SRCAP functions independently
of gH2AX and the proteins that it recruits.
SRCAP Depletion Inhibits DNA-End Resection
HR is initiated by nucleolytic processing of the DSB ends
to generate 30ssDNA tails that are initially coated by RPAto the Experimental Procedures. Experiments were done in triplicates. Resul
efficiency of SRCAP using specific shRNAs was confirmed by immunoblotting
(D–F) SRCAP depletion inhibits DNA repair. Control or SRCAP-depleted HeLa c
for 0.5, 4, 24, or 48 hr before fixing and processed for gH2AX immunofluoresc
(D) Representative gH2AX foci.
(E and F) Quantification results are the average of three independent experime
each experiment.
(G) Recruitment of SRCAP to I-SceI-induced DSBs, gauged by anti-SRCAP C
damage site. For control, we used control IgG ChIP followed by qPCR with th
(H) SRCAP is recruited to laser-induced DSBs. U2OS cells transfected with FL
fixed and stained with anti-FLAG and anti-gH2AX antibodies.
See also Figure S1.[3, 31]. Subsequently, RAD51 displaces RPA-ssDNA com-
plexes to form a helical nucleoprotein filament that permits
strand invasion and homology search [3, 31]. Thus, defects
in RAD51 recruitment to damaged DNA in SRCAP-depleted
cells could be explained by a defect in DNA-end resection.
We then examined whether SRCAP depletion affected RPA2
focus formation in response to CPT or IR and found that in
the absence of SRCAP, RPA2 focus formation was severely
impaired (Figures 3A—3D). In line with these findings, recruit-
ment of the RPA-binding protein ATRIP to DNA damage sites
was also defective in SRCAP-depleted cells (Figures 3E and
3F). More importantly, SRCAP depletion had no effect on
HU-induced RPA2 focus formation, indicating that SRCAP
depletion specifically impairs RPA2 accumulation in response
to DNA damage, but not replication stress (Figures 3G and 3H).
The generation of RPA-coated ssDNAs is an intermediate
step not only for HR repair but also for ATR/CHK1 activation
[3, 9, 31]. Indeed, SRCAP depletion attenuated CPT- and IR-
induced CHK1 and RPA2, but not CHK2 phosphorylation (Fig-
ures 3I and 3J). These results demonstrated that SRCAP
depletion impairs DNA-end resection and ATR-dependent,
but not ataxia telangiectasia mutated (ATM)-dependent,
signaling after DSB induction. Importantly, suppression of
SRCAP did not affect cell-cycle distribution and cell viability,
indicating that the observed phenotypes in SRCAP-depleted
cells were not caused by cell-cycle alterations (Figures S2A
and S2B).
ZNHIT1/p18 Promotes DNA-End Resection
ZNHIT1/p18 was originally identified as a potential subunit
of the SRCAP complex [25]. We confirmed the interaction be-
tween ZNHIT1/p18 and SRCAP (Figures 4A–4C). ZNHIT1/p18
depletion did not cause any significant change in the SRCAP
protein level; however, SRCAP depletion led to a dramatic
decrease in the ZNHIT1/p18 protein level (Figures 4B–4D).
This implies that SRCAP may help to stabilize ZNHIT1/p18 in
the cell. Since ZNHIT1/p18 exists in a complex with SRCAP,
we examined whether the loss of ZNHIT1/p18 would result
in similar defects in the DNA damage response. As expected,
ZNHIT1/p18 depletion increased sensitivity of cells to CPT
and IR, impaired recruitment of RPA2 and RAD51 to damaged
DNA, impeded HR repair, and diminished CPT-induced CHK1
and RPA2 phosphorylation (Figures 4E–4J). These results,
taken together with our observation that ZNHIT1/p18 deple-
tion had no discernible effect on cell-cycle profiles (Fig-
ure S2C), suggest that ZNHIT1/p18, like SRCAP, promotes
DNA-end resection. Significantly, the defects in RPA2 focus
formation and HR repair in ZNHIT1-depleted cells were
ameliorated when cells stably expressed small hairpin RNA
(shRNA)-resistant wild-type ZNHIT1/p18, indicating that the
phenotypes caused by the shRNAs are ZNHIT1 dependent
(Figures 4K, 4L, S2D, and S2E). Moreover, codepletion ofts shown are averages of three independent experiments (C). Knockdown
of lysates prepared from HeLa cells expressing the indicated shRNA (B).
ells were either mock treated or treated with IR (2 Gy) and allowed to recover
ence.
nts and are presented as mean6 SEM. More than 100 cells were counted in
hIP followed by quantitative PCR (qPCR) with primers adjacent to the DNA
e same set of primers adjacent to DNA damage site.
AG-SRCAP were laser-microirradiated. Twenty minutes later, the cells were
A B C D
E F
H
G
J
I K
Figure 2. SRCAP Promotes Homologous Recombination
(A) Schematic representation of HR assay.
(B) SRCAP depletion impairs HR repair. U2OS DR-GFP cells were infected with the indicated lentiviral shRNAs and 48 hr later were electroporated with an
I-SceI expression plasmid. Forty-eight hours after electroporation, cells were harvested and assayed for GFP expression by flow cytometry analysis (FACS)
analysis. Results were the average of three independent experiments and were presented as mean 6 SEM.
(legend continued on next page)
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2101ZNHIT1/p18 and SRCAP did not result in a further decrease in
RPA2 focus formation and HR frequency, indicating that they
may function in a same pathway (Figures 4M–4O).
Since Swc6, the yeast homolog of human ZNHIT1/p18,
is the nucleosome-binding component of the SWR1 complex
[32], we determined whether ZNHIT1/p18 was also able
to associate with nucleosomes. As shown in Figure S2F,
MBP-ZNHIT1/p18, but not MBP alone, precipitated nucleo-
somes as judged by histone H3 immunoblotting. In addition,
like SRCAP, ZNHIT1 was recruited to the I-SceI-induced
DSBs (Figure S2G). More importantly, SRCAP recruitment
to I-SceI-induced DSBs was impaired by the depletion of
ZNHIT1/p18 (Figure S2H). These results suggest that
ZNHIT1/p18 is a nuclosome-binding component of the SRCAP
complex and is required for SRCAP recruitment to DSBs.
SRCAP Interacts with CtIP and Is Required for CtIP
Accumulation at DSBs
To gain insight into how SRCAP contributes to DSB resection,
we examined whether its depletion affected the DNA damage-
dependent recruitment of these factors known to be involved
in this process. Remarkably, SRCAP depletion impaired the
recruitment of CtIP to IR-induced DNA damage foci (Figures
5A, 5C, S3A, and S3B) and to I-SceI-induced DSBs (Figure 5E).
In contrast, SRCAP depletion had no effect on NBS1 focus for-
mation (Figures 5B and 5D). Moreover, MRE11 depletion, but
not CtIP or ATM depletion, reduced SRCAP recruitment to
I-SceI-induced DSBs (Figures S3C–S3F). These results indi-
cate that SRCAP functions downstream of the MRN complex
to promote recruitment of CtIP to DSBs. In support of this
possibility, SRCAP depletion suppressed the accumulation
of CtIP, but not theMRE11 complex, onto damaged chromatin
(Figure 5F). Significantly, depletion of SRCAP led to increased
sensitivity to genotoxic stress, reduced RPA2 foci forming
ability, and decreasedHR frequencies to levels similar to those
achieved by depleting CtIP (Figures 5G–5J). Moreover, code-
pletion of SRCAP and CtIP had no additive effects in compar-
ison with depletion of either protein (Figures 5G–5J). These
results suggested that SRCAP and CtIP promote DSB resec-
tion via a common pathway.
We next examined whether SRCAP may affect CtIP proper-
ties by physically interacting with it. As shown in Figures 5K–
5M, although the interaction between SRCAP and CtIP was
detectable under physiological conditions, the induction of
DNA damage by IR treatment increased this interaction, indi-
cating that SRCAP and CtIP form a complex in response to
DNA damage.
To determine the domain of SRCAP that mediates its inter-
action with CtIP, we generated a series of SRCAP truncation(C) Schematic representation of NHEJ assay.
(D) SRCAP depletion leads to increased NHEJ. U2OS EJ5-GFP cells were infec
with an I-SceI expression plasmid. Forty-eight hours after electroporation, cells
were the average of three independent experiments and were presented as m
(E and F) SRCAP is required for RAD51 foci formation. SRCAP-depleted HeLa ce
before fixing and processed for RAD51 immunofluorescence. Representative
independent experiments and are presented as mean 6 SEM (F). More than 1
(G) SRCAP depletion reduces recruitment of RAD51 to I-SceI-induced DSBs. R
followed by qPCR with primers adjacent to the DNA damage site, is shown. F
primers adjacent to DNA damage site.
(H–K) SRCAP is not required for BRCA1, gH2AX, and 53BP1 foci formation.
(H and J) SRCAP-depleted HeLa cells were treated with IR (10 Gy) and allowed t
immunofluorescence.
(I and K) Quantification results are the average of three independent experimen
each experiment.mutants (Figure S4A). Coimmunoprecipitation experiments
revealed that a domain spanning amino acids 800–1200 of
SRCAP (F2) was sufficient for the binding of SRCAP to CtIP
(Figure S4B). Conversely, using a series of overlapping CtIP
deletion mutants, we mapped the SRCAP-binding region
to residues 21–50 of CtIP (Figures 6A and 6B). Since the
SRCAP-binding region on CtIP encompasses the conserved
LKEX4E motif (residues 27–34) required for CtIP dimer forma-
tion [33], it is possible that dimerization of CtIP contributes
to its interaction with SRCAP. Indeed, the CtIP dimerization
mutant (LKEX4E, conserved residues Leu-27 mutated to pro-
line, and Lys-28, Glu-29, and Glu-34 mutated to alanine) failed
to interact with SRCAP (Figure 6B). By contrast, SRCAP
binding does not seem to be essential for CtIP dimerization
or for CtIP interaction with theMRN complex and BRCA1 since
a CtIP deletion mutant (D1-4) that no longer interacts with
SRCAP is still bound to wild-type CtIP, MRE11, NBS1, and
BRCA1 (Figures 6C and S4C).
To test whether there is a direct protein-protein interaction
between SRCAP and CtIP, we performed glutathione S-trans-
ferase (GST) pull-down assays with recombinant GST-CtIP
fusion proteins purified from bacteria and in-vitro-translated
SRCAP-F2. As shown in Figure S4D, CtIP directly interacts
with SRCAP-F2.
SRCAP Binding Is Important for CtIP Function in the Cell
Next, we examined whether the binding to SRCAP might be
required for CtIP foci formation. As shown in Figures 6D and
S4E, all the mutants defective in SRCAP binding or dimeriza-
tion exhibited a strong defect in localization to DSBs, suggest-
ing that both the SRCAP-binding and dimerization properties
are required for optimal CtIP foci formation.
To examine whether the direct interaction between SRCAP
and CtIP plays a role in the documented CtIP-mediated
DNA-end resection, we introduced shRNA-resistant con-
structs of wild-type or mutant CtIP into cells following the
depletion of endogenous CtIP by shRNA. As shown in Figures
6E–6G, wild-type CtIP, but not themutants defective in SRCAP
binding, restored RPA2 focus formation in CtIP-depleted cells.
These results suggest that SRCAP binding is required for the
efficient accumulation of CtIP at DSBs and the subsequent
CtIP-dependent DNA-end resection.
SRCAP Facilitates DNA-End Resection by Promoting
Chromatin Relaxation
As SRCAP is an ATP-dependent chromatin remodeling
enzyme, we therefore examined whether SRCAP alters chro-
matin structure by analyzing the sensitivity of chromatin to
micrococcal nuclease (MNase) [34]. As shown in Figures 7Ated with the indicated lentiviral shRNAs and 48 hr later were electroporated
were harvested and assayed for GFP expression by FACS analysis. Results
ean 6 SEM.
lls were treatedwith IR (10Gy) and allowed to recover for the indicated times
RAD51 foci were shown (E). Quantification results are the average of three
00 cells were counted in each experiment.
ecruitment of RAD51 to I-SceI-induced DSBs, gauged by anti-RAD51 ChIP
or control, we used control IgG ChIP followed by PCR with the same set of
o recover for 1 hr before fixing and processed for BRCA1/53BP1 and gH2AX
ts and are presented as mean 6 SEM. More than 100 cells were counted in
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Figure 3. SRCAP Promotes DNA-End Resection
(A–D) SRCAPdepletion impairs CPT- and IR-inducedRPA2 foci formation. SRCAP- or CtIP-depleted HeLa cells were treatedwith CPT (1 mM) or IR (10Gy) for
1 hr before fixing and processed for RPA2 immunofluorescence.
(A and C) Representative RPA2 foci.
(B and D) Quantification results are the average of three independent experiments and are presented as mean6 SEM. More than 100 cells were counted in
each experiment.
(E and F) SRCAP is required for ATRIP foci formation after DNA damage. HeLa cells depleted of endogenous SRCAP were treated with IR (10 Gy) for 3 hr
before fixing and processed for ATRIP immunofluorescence.
(E) Representative ATRIP foci.
(F) Quantification results are the average of three independent experiments and are presented as mean 6 SEM. More than 100 cells were counted in each
experiment.
(G and H) SRCAP depletion has no effect on HU-induced RPA2 foci formation. SRCAP- or CtIP-depleted HeLa cells were treated with HU (10 mM) for 1 hr
before fixing and processed for RPA2 immunofluorescence.
(G) Representative RPA2 foci.
(H) Quantification results are the average of three independent experiments and are presented as mean 6 SEM. More than 100 cells were counted in each
experiment.
(I and J) SRCAP depletion impairs RPA2 and CHK1 phosphorylation following CPT or IR treatment. Phosphorylation of proteins upon SRCAP or CtIP deple-
tion was analyzed by western blotting of lysates prepared from SRCAP- or CtIP-depleted cells at 1 hr after cells exposure to 1 mM CPT or 10 Gy IR.
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Figure 4. The ZNHIT1/p18 Subunit of the SRCAP Complex Promotes DNA-End Resection
(A) 293T cells stably expressing SFB-tagged-ZNHIT1/p18 were used for TAP. The tables are summaries of proteins identified by mass spec-
trometry analysis.
(legend continued on next page)
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2104and 7B, SRCAP knockdown cells were less sensitive to diges-
tion with MNase, indicating that chromatin structure is more
compact in SRCAP-depleted cells. Importantly, treatment of
chromatin relaxation agents not only fully reversed the effect
of SRCAP depletion on MNase sensitivity but also partially
restored the effects of SRCAP depletion on RPA2 and CtIP
focus formation (Figures 7C–7H). These findings suggest that
SRCAP may facilitate DSB resection, on one hand, through
a physical interaction with CtIP and on the other hand via its
role in promoting chromatin relaxation. Because the region
required for CtIP binding on SRCAP partially overlapped with
its ATPase domain (Figures 1A, S4A, and S4B), this precluded
us from distinguishing the precise mechanisms entailing
SRCAP-mediated CtIP recruitment in DSB resection from its
role in chromatin remodeling during DSB resection (Figure S5A
and S5B).
Requirement of ATPase Activity of SRCAP for DNA-End
Resection
To further elucidate whether SRCAP can alter chromatin struc-
ture and promote DNA-end resection in an ATP-dependent
manner, we generated two shRNA#1-resistant SRCAP expres-
sion constructs: one encoding the wild-type protein (SRCAP-
WT), and the other encoding an ATPase-dead mutant
(SRCAP-K626R) (Lys 626 is a conserved residue in the ATP-
binding motif of SRCAP, and mutations of the analogous
residue in other ATPase typically yield ATPase-deficient en-
zymes). As shown in Figure S5C, both SRCAP constructs
were expressed at similar levels and were indeed resistant to
the SRCAP-shRNA#1. In addition, the ATPase-dead mutant
interacted with CtIP as efficiently as the wild-type SRCAP
(Figure S5D). However, only the wild-type SRCAP, but not
the ATPase-dead mutant, was able to alleviate the defects
in DNA-end resection and chromatin relaxation in SRCAP-
depleted cells (Figures 7I and S5E–S5I). These results suggest
that the ATPase activity of SRCAP is important for its function
in DNA-end resection.(B and C) ZNHIT1/p18 forms a complex with SRCAP. HeLa cells infected with
allowed to recover for 1 hr, and then lysed in the presence of benzonase. Cell lys
antibodies, and western blot analysis was carried out as indicated.
(D) SRCAP regulates ZNHIT1/p18 protein stability. Immunoblots show the level
indicated shRNAs.
(E) ZNHIT1/p18 depletion sensitizes cells to CPT and IR. HeLa cells were infec
medium containing puromycin. The resulting stable knockdown cell lines were
formed according to the Experimental Procedures. Experiments were done in
(F and G) ZNHIT1/p18 depletion impairs RPA2 and RAD51 foci formation. Con
before fixing and processed for RPA2 (F) or RAD51 (G) immunofluorescence.
(H) ZNHIT1/p18 depletion impairs HR repair. U2OS DR-GFP cells were infected
an I-SceI expression plasmid. Forth-eight hours after electroporation, cells wer
the average of three independent experiments and are presented as mean 6 S
(I) ZNHIT1/p18 depletion reduces recruitment of RAD51 to I-SceI-induced d
Figure 2G.
(J) ZNHIT1/p18 depletion impairs RPA2 and CHK1 phosphorylation following C
analyzed by western blotting of lysates prepared from ZNHIT1/p18-depleted c
(K and L) Rescue of RPA2 foci formation by expression of a shRNA#1-resist
shRNA#1-resistant wild-type ZNHIT1/p18 was generated. The empty vector
(1 mM) for 1 hr before fixing and processed for RPA2 immunofluorescence (L
by immunoblotting using indicated antibodies (K).
(M) Cells infected with the indicated lentiviral shRNAs were treated with IR (10
immunofluorescence. Quantification results were the average of three indepen
were counted in each experiment.
(N and O) U2OS DR-GFP cells were infected with the indicated lentiviral shRN
Forth-eight hours after electroporation, cells were harvested and assayed for
(N) Results were the average of three independent experiments and were pres
(O) Knockdown efficiency was confirmed by immunoblotting.
See also Figure S2.An FHS-Associated Patient Mutation Is Defective in the
Cellular Functions of SRCAP
Floating-Harbor syndrome (FHS) is a rare genetic disorder
caused by mutations in SRCAP [24]. To date, all reported
mutations are truncating mutations responsible for the loss
of three C-terminal AT-hook motifs [24]. We performed rescue
experiments to examine whether the FHS patient mutations
would impair the functions of endogenous SRCAP in cells.
As shown in Figures 7I and S5, a patient-derived mutant,
R2263X (deletion of 787 residues from its C terminus), was
defective in nuclear localization and failed to restore the
defects in DNA-end resection and chromatin relaxation in
SRCAP-depleted cells. These results indicate that the symp-
toms of FHS may be caused, at least in part, by defects in
the cellular response to DNA damage.
Discussion
CtIP accumulates at DSB sites to promote DNA-end resection.
However, how CtIP is recruited to DSBs has not been fully
understood yet. Previous studies have shown that BRCA1 reg-
ulates CtIP retention at DSBs via a role in promoting CtIP poly-
ubiquitination [35]. In addition, CtIP recruitment in response
to DNAdamage also appears to be regulated by theMRNcom-
plex, although the exact functional relationship between the
MRN complex and CtIP is uncertain [36–38]. Recently it was
shown that LEDGF binds CtIP and enhances its tethering to
the active chromatin [39]. Moreover, CtIP dimer formation
has been shown to be essential for its recruitment to DSBs
[33]. Our results that SRCAP is important for CtIP recruitment
following DNA damage provide another regulatory route.
Given that both the SRCAP ATPase activity and the interaction
between SRCAP and CtIP are important for the efficient accu-
mulation of CtIP at DSBs, we speculate that the protein-
protein interaction between SRCAP and CtIP may be one of
the earlier steps in response to DSBs (Figure 7J). This could
possibly be followed by chromatin remodeling, which allowsthe indicated shRNAs were either mock treated or treated with IR (10 Gy),
ateswere incubatedwith protein A agarose beads conjugatedwith indicated
s of SRCAP and ZNHIT1/p18 in lysates prepared from cells infected with the
ted with nontarget or ZNHIT1/p18-specific lentiviral shRNAs and cultured in
treated with indicated doses of CPT or IR, and cell survival assays were per-
triplicates. Results shown are averages of three independent experiments.
trol or ZNHIT1/p18-depleted HeLa cells were treated with IR (10 Gy) for 1 hr
with the indicated lentiviral shRNAs and 48 hr later were electroporated with
e harvested and assayed for GFP expression by FACS analysis. Results are
EM.
ouble-stranded DNA break. ChIP assays were performed as described in
PT treatment. Phosphorylation of proteins upon ZNHIT1/p18 depletion was
ells at 1 hr after cells exposure to 1 mM CPT.
ant ZNHIT1/p18 cDNA. A ZNHIT1/p18-depleted cell line stably expressing
was included as control. The resulting cell lines were treated with CPT
). The endogenous and exogenous ZNHIT1/p18 expression was confirmed
Gy) and allowed to recover for 1 hr before fixing and processed for RPA2
dent experiments and were presented as mean6 SEM. More than 100 cells
As and 48 hr later were electroporated with an I-SceI expression plasmid.
GFP expression by FACS analysis.
ented as mean 6 SEM.
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Figure 5. SRCAP Interacts with CtIP and Is Required for CtIP Recruitment to DSBs
(A–D) SRCAP is required for CtIP, but not NBS1 foci formation. HeLa cells depleted of endogenous SRCAPor CtIPwere treatedwith IR (10Gy) and allowed to
recover for 1 hr before fixing and processed for CtIP or NBS1 immunofluorescence.
(A and B) Representative CtIP (A) or NBS1 (B) foci.
(C and D) Quantification results are the average of three independent experiments and are presented as mean6 SEM. More than 100 cells were counted in
each experiment.
(E) SRCAP depletion reduces recruitment of CtIP to I-SceI-induced double-stranded DNA break. Recruitment of CtIP to I-SceI-induced double-stranded
DNAbreak, gauged by anti-CtIP ChIP followed by qPCRwith primers adjacent to DNAdamage site, is shown. For control, we used control IgGChIP followed
by PCR with the same set of primers adjacent to DNA damage site.
(legend continued on next page)
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2106CtIP to access the spatially confined region surrounding the
DSBs, thereby facilitating DNA-end resection (Figure 7J).
DNA-end resection occurs by a two-step process [1–3].
Recently, several groups have demonstrated that Fun30/
SMARCAD1 is the major chromatin remodeler that promotes
extensive Exo1- and Sgs1-dependent resection of DSBs
[40–42]. In contrast to Fun30/SMARCAD1, human SRCAP
enhances DNA-end resection by cooperating with CtIP,
a key regulator in the initiation of DNA-end resection. Thus,
the evidence presented here linking SRCAP to the initial end
resection step distinguishes SRCAP from the related Fun30/
SMARCAD1 chromatin remodeler and suggests that different
remodelers function at different steps in DNA repair.
Although human SRCAP is functionally linked to chromatin
disposition of H2AZ [26, 27], whether this histone variant is
specifically involved in DNA transaction events at DSBs and
exactly how it participates in DNA repair processes are unre-
solved questions. Indeed, whereas the yeast H2AZ directs
ssDNA production [43, 44], human H2AZ appears to inhibit
resection at DSBs by promoting the recruitment of the NHEJ
machinery (Figures S6A–S6C) [45]. Likewise, our observation
that human SRCAP is strictly required for DSB resection and
HR contrasts with those seen in its yeast counterpart, where
SWR1 seems to play a negligible or only minor role in resec-
tion [19, 40, 44, 46, 47]. In fact, van Attikum et al. reported
that SWR1 null cells supported MRE11 binding, end resec-
tion, and checkpoint activation, phenotypes that are in stark
contrast to those we are reporting in SRCAP-depleted hu-
man cells [19]. Moreover, whereas Adkins et al. proposed
that SWR1 marginally facilitated Exo1 resection, potentially
through the dynamic incorporation of H2AZ, the authors also
indicated that the SWR1D mutant did not display significant
defect in resection [44]. We, on the other hand, found that
the human SRCAP was critically important in DNA-end resec-
tion and that this is effected via stabilizing of CtIP at DSBs.
Summing up these findings, we favor the idea that SRCAP-
dependent DSB resection may effect in an H2AZ-independent
manner and that the mechanistic roles of these regulatory
molecules in DSB repair may well be evolutionarily diversified.
SRCAP is a member of the INO80 ATPase family [15, 23].
Studies have shown that INO80 is required for variant histone
eviction at DSBs and is associated with the repair of DSBs by
both HR and NHEJ [21, 22, 47–49]. In addition, a recent study
found that the mouse INO80 promotes the formation of ssDNA(F) SRCAP depletion suppressed the accumulation of CtIP, but not NBS1 or M
or CtIP were treated with IR (10 Gy) and allowed to recover for 3 hr. Chro
Immunoblotting experiments were performed using the indicated antibodies.
(G) Clonogenic survival of HeLa cells upon SRCAP and/or CtIP depletion com
Results shown are averages of three independent experiments.
(H) HeLa cells depleted of endogenous SRCAP and/or CtIP were treated with IR
immunofluorescence. Quantification results were the average of three indepen
were counted in each experiment.
(I and J) Depleting SRCAP and CtIP together did not decrease HR efficiency fu
cells were infected with the indicated lentiviral shRNAs and 48 hr later were
electroporation, cells were harvested and assayed for GFP expression by FAC
(I) Results are the average of three independent experiments and are presente
(J) Knockdown efficiency was confirmed by immunoblotting.
(K) SRCAP interacts with CtIP, but not with the Morc3 control protein. 293T cel
together with plasmids encoding Myc-tagged CtIP or Myc-tagged Morc3. Cell
was performed with indicated antibodies.
(L and M) Association of endogenous SRCAP with CtIP in HeLa cells was per
HeLa cells infected with the indicated shRNAs were either mock treated or treat
of benzonase. Cell lysates were incubated with protein A agarose beads conjug
indicated.
See also Figure S3.in the context of replication stress and is required for efficient
replication of telomere repeat sequences [50]. However, there
are ambiguous results about its role in HR and DSB end pro-
cessing [21, 40, 41, 51–53]. We found that human INO80 deple-
tion caused a mild, but reproducible, defect in DSB resection
(Figures S6A–S6C), which suggests that INO80 may function
in parallel with SRCAP. In mammalian cells, the protein most
homologous to SRCAP is p400 ATPase, which also belongs
to the INO80 family. However, p400 has only a minor role,
if any, in resection (Figures S6A–S6C) [54]. These results
indicate that human SRCAP may, distinct from its other fam-
ily members, be essential for the efficient initiation of DSB
resection.
Although we cannot rule out the possibility that SRCAP
might affect DSB resection indirectly by regulating chromatin
structure and/or genes important for repair, its recruitment
to DSBs and its association with DSB response factor CtIP
argue in favor of its direct role in controlling cellular responses
to DSBs. This conclusion is further supported by the fact that
the overall levels of several key DSB repair proteins were
not affected by SRCAP depletion (Figure S6D). It should be
noted, however, that the potential direct and indirect effects
of SRCAP are not mutually exclusive.
Experimental Procedures
Antibodies
Antibodies specifically recognizing RPA1, BLM, RAD51, gH2AX, PALB2,
and 53BP1 were described previously [55, 56]. Details of antibodies are
provided in the Supplemental Experimental Procedures.
Immunofluorescence Staining
Indirect immunofluorescence was carried out as described [55, 56]. Details
are provided in the Supplemental Experimental Procedures.
HR and NHEJ Reporter Assays
DSB repair efficiency by HR and NHEJ was measured in DR-GFP (hygrom-
ycin resistance) and EJ5-GFP (puromycin resistance) U2OS cell lines as
described previously [29, 30]. Details are provided in the Supplemental
Experimental Procedures.
Supplemental Information
Supplemental Information includes Supplemental Experimental Procedures
and six figures and can be found with this article online at http://dx.doi.org/
10.1016/j.cub.2014.07.081.RE11, on damaged chromatin. HeLa cells depleted of endogenous SRCAP
matin fractions were isolated according to the Experimental Procedures.
pared to control after IR treatment. Experiments were done in triplicates.
(10 Gy) and allowed to recover for 1 hr before fixing and processed for RPA2
dent experiments and were presented as mean6 SEM. More than 100 cells
rther than was achieved by SRCAP or CtIP depletion alone. U2OS DR-GFP
electroporated with an I-SceI expression plasmid. Forth-eight hours after
S analysis.
d as mean 6 SEM.
ls were transiently transfected with plasmids encoding SFB-tagged SRCAP
lysates were immunoprecipitated with anti-FLAG, and western blot analysis
formed by coimmunoprecipitation using anti-SRCAP or anti-CtIP antibody.
ed with IR (10 Gy), allowed to recover for 1 hr, and then lysed in the presence
ated with indicated antibodies, and western blot analysis was carried out as
A B
C D
E F
G
Figure 6. The Interaction between SRCAP and CtIP Is Important for CtIP Function in the Cell
(A) Schematic representation of CtIP mutants used in this study.
(B) Mapping of the corresponding regions required for the SRCAP-CtIP interaction in 293T cells. 293T cells were transiently transfected with the indicated
plasmids for 24 hr. Cell lysates were immunoprecipitated with anti-FLAG antibody, and western blot analysis was performed with indicated antibodies.
(C) 293T cells were transiently transfected with indicated plasmids for 24 hr. Cell lysates were immunoprecipitated with anti- FLAG antibody, and western
blot analysis was performed with indicated antibodies.
(D) HeLa cells stably expressing FLAG -tagged wild-type (WT) or deletion and/or point mutant CtIP were treated with IR (10 Gy) and allowed to recover for
2 hr before fixing and processed for CtIP immunofluorescence.
(E–G) The deletion mutants defective in SRCAP binding could not restore CtIP function in vivo. HeLa cells stabling expressing shRNA-resistant wild-type
CtIP (WT) or its deletionmutants were infectedwith CtIP shRNA. Forth-eight hours after infection, cells were treatedwith IR (10Gy). One hour later, cells were
subjected to immunostaining using RPA2 and anti- FLAG antibodies (E and F) or collected and immunoblotted with indicated antibodies (G). Quantification
results are the average of three independent experiments and are presented as mean 6 SEM. More than 100 cells were counted in each experiment.
See also Figure S4.
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Figure 7. SRCAP Promotes DNA-End Resection through a Mechanism Involving Its ATPase Activity
(A andB) SRCAP facilitates chromatin relaxation. HeLa cells depleted of endogenous SRCAPwere eithermock treated or treatedwith IR (10Gy) and allowed
to recover for 1 hr. Nuclear extracts were then incubated withMNase for 2min, and DNAwas visualized by ethidium bromide staining (A). The band densities
were quantified using GIS 1D software, and the results were normalized to the signal for a1, b1, and c1, respectively (B).
(legend continued on next page)
Current Biology Vol 24 No 18
2108
SRCAP Regulates Homologous Recombination Repair
2109Author Contributions
S.D., J.H., and H.C. did the majority of experiments and contributed equally
to the work. T.L. and M.S.Y.H. performed the tandem affinity purification
(TAP) experiment and contributed to the study design. Y.Y. and C.G. per-
formed the laser microirradiation experiment. J.H. wrote the manuscript.
All authors discussed the work and manuscript.
Acknowledgments
We thank M. Jasin and J. Stark for U2OS DR-GFP and EJ5-GFP cell lines,
Junjie Chen for helpful comments, and all our colleagues in the J.H.
laboratory for insightful discussions. This work was supported in part by
National Basic Research Program of China grants 2012CB944402 and
2013CB911003, the National Program for Special Support of Eminent Pro-
fessionals, National Natural Science Funds for Distinguished Young
Scholars, National Natural Science Foundation of China grant 31071243,
Zhejiang University K.P. Chao’s High Technology Development Foundation,
andChina’s Fundamental ResearchFunds for theCentralUniversities. T.L. is
a member of the Feng laboratory and is supported by National Natural Sci-
ence Foundation of China grants 31171347 and 31090360 and Ministry of
Science and Technology grants 2012CB966600 and 2013CB945303.
Received: May 28, 2014
Revised: July 15, 2014
Accepted: July 31, 2014
Published: August 28, 2014
References
1. Huertas, P. (2010). DNA resection in eukaryotes: deciding how to fix the
break. Nat. Struct. Mol. Biol. 17, 11–16.
2. Garcia, V., Phelps, S.E., Gray, S., and Neale, M.J. (2011). Bidirectional
resection of DNA double-strand breaks by Mre11 and Exo1. Nature
479, 241–244.
3. Bernstein, K.A., and Rothstein, R. (2009). At loose ends: resecting a
double-strand break. Cell 137, 807–810.
4. Clerici, M., Mantiero, D., Lucchini, G., and Longhese, M.P. (2005).
The Saccharomyces cerevisiae Sae2 protein promotes resection and
bridging of double strand break ends. J. Biol. Chem. 280, 38631–38638.
5. Limbo, O., Chahwan, C., Yamada, Y., de Bruin, R.A., Wittenberg, C., and
Russell, P. (2007). Ctp1 is a cell-cycle-regulated protein that functions
with Mre11 complex to control double-strand break repair by homolo-
gous recombination. Mol. Cell 28, 134–146.
6. Sartori, A.A., Lukas, C., Coates, J., Mistrik, M., Fu, S., Bartek, J., Baer,
R., Lukas, J., and Jackson, S.P. (2007). Human CtIP promotes DNA
end resection. Nature 450, 509–514.
7. Nicolette, M.L., Lee, K., Guo, Z., Rani, M., Chow, J.M., Lee, S.E., and
Paull, T.T. (2010). Mre11-Rad50-Xrs2 and Sae2 promote 50 strand resec-
tion of DNA double-strand breaks. Nat. Struct. Mol. Biol. 17, 1478–1485.
8. Niu, H., Chung, W.H., Zhu, Z., Kwon, Y., Zhao, W., Chi, P., Prakash, R.,
Seong, C., Liu, D., Lu, L., et al. (2010). Mechanism of the ATP-dependent
DNA end-resection machinery from Saccharomyces cerevisiae. Nature
467, 108–111.
9. You, Z., Shi, L.Z., Zhu, Q., Wu, P., Zhang, Y.W., Basilio, A., Tonnu, N.,
Verma, I.M., Berns, M.W., and Hunter, T. (2009). CtIP links DNA
double-strand break sensing to resection. Mol. Cell 36, 954–969.(C and D) The effect of SRCAP depletion on MNase sensitivity was alleviated by
or chloroquine (40 mg/ml). SRCAP-depleted HeLa cells pretreated with Na but o
Nuclear extracts were then incubated with MNase for 2 min, and DNA was visu
using GIS 1D software, and the results were normalized to the signal for a1, b
(E–H) Partially restored RPA2 and CtIP foci formation in SRCAP-depleted HeLa
cells pretreated with Na but (sodium butyrate, 10 mM) or chloroquine (40 mg/ml
and processed for RPA2 or CtIP immunofluorescence.
(E and G) Representative RPA2 (E) or CtIP (G) foci.
(F and H) Quantification results are the average of three independent experime
counted in each experiment.
(I) The ATPase-dead mutant and the R2263X FHS mutant of SRCAP failed to ef
depleted HeLa cells were electroporated with wild-type SRCAP, K626R, or R2
allowed to recover for 1 hr before fixing and processed for RPA2 immunofluor
(J) The proposed working model for the human SRCAP chromatin remodeling
See also Figures S5 and S6.10. Budd, M.E., and Campbell, J.L. (2009). Interplay of Mre11 nuclease with
Dna2 plus Sgs1 in Rad51-dependent recombinational repair. PLoS ONE
4, e4267.
11. Gravel, S., Chapman, J.R., Magill, C., and Jackson, S.P. (2008). DNA
helicases Sgs1 and BLM promote DNA double-strand break resection.
Genes Dev. 22, 2767–2772.
12. Mimitou, E.P., and Symington, L.S. (2008). Sae2, Exo1 and Sgs1 collab-
orate in DNA double-strand break processing. Nature 455, 770–774.
13. Zhu, Z., Chung, W.H., Shim, E.Y., Lee, S.E., and Ira, G. (2008). Sgs1
helicase and two nucleases Dna2 and Exo1 resect DNA double-strand
break ends. Cell 134, 981–994.
14. Cejka, P., Cannavo, E., Polaczek, P., Masuda-Sasa, T., Pokharel, S.,
Campbell, J.L., and Kowalczykowski, S.C. (2010). DNA end resection
by Dna2-Sgs1-RPA and its stimulation by Top3-Rmi1 and Mre11-
Rad50-Xrs2. Nature 467, 112–116.
15. Clapier, C.R., and Cairns, B.R. (2009). The biology of chromatin remod-
eling complexes. Annu. Rev. Biochem. 78, 273–304.
16. Narlikar, G.J., Sundaramoorthy, R., and Owen-Hughes, T. (2013).
Mechanisms and functions of ATP-dependent chromatin-remodeling
enzymes. Cell 154, 490–503.
17. Price, B.D., and D’Andrea, A.D. (2013). Chromatin remodeling at DNA
double-strand breaks. Cell 152, 1344–1354.
18. Bao, Y., and Shen, X. (2007). SnapShot: chromatin remodeling com-
plexes. Cell 129, 632.
19. van Attikum, H., Fritsch, O., and Gasser, S.M. (2007). Distinct roles for
SWR1 and INO80 chromatin remodeling complexes at chromosomal
double-strand breaks. EMBO J. 26, 4113–4125.
20. Downs, J.A., Allard, S., Jobin-Robitaille, O., Javaheri, A., Auger, A.,
Bouchard, N., Kron, S.J., Jackson, S.P., and Coˆte´, J. (2004). Binding
of chromatin-modifying activities to phosphorylated histone H2A at
DNA damage sites. Mol. Cell 16, 979–990.
21. van Attikum, H., Fritsch, O., Hohn, B., and Gasser, S.M. (2004).
Recruitment of the INO80 complex by H2A phosphorylation links
ATP-dependent chromatin remodeling with DNA double-strand break
repair. Cell 119, 777–788.
22. Morrison, A.J., Highland, J., Krogan, N.J., Arbel-Eden, A., Greenblatt,
J.F., Haber, J.E., and Shen, X. (2004). INO80 and gamma-H2AX interac-
tion links ATP-dependent chromatin remodeling to DNA damage repair.
Cell 119, 767–775.
23. Johnston, H., Kneer, J., Chackalaparampil, I., Yaciuk, P., and Chrivia, J.
(1999). Identification of a novel SNF2/SWI2 protein family member,
SRCAP, which interacts with CREB-binding protein. J. Biol. Chem.
274, 16370–16376.
24. Hood, R.L., Lines, M.A., Nikkel, S.M., Schwartzentruber, J., Beaulieu, C.,
Nowaczyk, M.J., Allanson, J., Kim, C.A., Wieczorek, D., Moilanen, J.S.,
et al.; FORGE Canada Consortium (2012). Mutations in SRCAP, encod-
ing SNF2-related CREBBP activator protein, cause Floating-Harbor
syndrome. Am. J. Hum. Genet. 90, 308–313.
25. Cai, Y., Jin, J., Florens, L., Swanson, S.K., Kusch, T., Li, B., Workman,
J.L., Washburn, M.P., Conaway, R.C., and Conaway, J.W. (2005). The
mammalian YL1 protein is a shared subunit of the TRRAP/TIP60 histone
acetyltransferase and SRCAP complexes. J. Biol. Chem. 280, 13665–
13670.
26. Ruhl, D.D., Jin, J., Cai, Y., Swanson, S., Florens, L., Washburn, M.P.,
Conaway, R.C., Conaway, J.W., and Chrivia, J.C. (2006). Purification
of a human SRCAP complex that remodels chromatin by incorporatingtreatment with chromatin relaxation agent Na but (sodium butyrate, 10 mM)
r chloroquine for 2 hr were treated IR (10 Gy) and allowed to recover for 1 hr.
alized by ethidium bromide staining (D). The band densities were quantified
1, and c1 respectively (C).
cells in the presence of chromatin relaxation agent. SRCAP-depleted HeLa
) for 2 hr were treated IR (10 Gy) and allowed to recover for 1 hr before fixing
nts and are presented as mean 6 SEM (F and H). More than 100 cells were
ficiently rescue RPA2 foci formation in cells with SRCAP depletion. SRCAP-
263X mutant. Forth-eight hours later, cells were treated with IR (10 Gy) and
escence.
complex functions in the DNA damage response.
Current Biology Vol 24 No 18
2110the histone variant H2A.Z into nucleosomes. Biochemistry 45, 5671–
5677.
27. Cai, Y., Jin, J., Gottschalk, A.J., Yao, T., Conaway, J.W., and Conaway,
R.C. (2006). Purification and assay of the human INO80 and SRCAP
chromatin remodeling complexes. Methods 40, 312–317.
28. Wong, M.M., Cox, L.K., and Chrivia, J.C. (2007). The chromatin remod-
eling protein, SRCAP, is critical for deposition of the histone variant
H2A.Z at promoters. J. Biol. Chem. 282, 26132–26139.
29. Weinstock, D.M., Nakanishi, K., Helgadottir, H.R., and Jasin, M. (2006).
Assaying double-strand break repair pathway choice in mammalian
cells using a targeted endonuclease or the RAG recombinase.
Methods Enzymol. 409, 524–540.
30. Bennardo, N., Cheng, A., Huang, N., and Stark, J.M. (2008). Alternative-
NHEJ is a mechanistically distinct pathway of mammalian chromosome
break repair. PLoS Genet. 4, e1000110.
31. San Filippo, J., Sung, P., and Klein, H. (2008). Mechanism of eukaryotic
homologous recombination. Annu. Rev. Biochem. 77, 229–257.
32. Wu, W.H., Alami, S., Luk, E., Wu, C.H., Sen, S., Mizuguchi, G., Wei, D.,
and Wu, C. (2005). Swc2 is a widely conserved H2AZ-binding module
essential for ATP-dependent histone exchange. Nat. Struct. Mol. Biol.
12, 1064–1071.
33. Wang, H., Shao, Z., Shi, L.Z., Hwang, P.Y., Truong, L.N., Berns, M.W.,
Chen, D.J., and Wu, X. (2012). CtIP protein dimerization is critical for
its recruitment to chromosomal DNA double-stranded breaks. J. Biol.
Chem. 287, 21471–21480.
34. Ziv, Y., Bielopolski, D., Galanty, Y., Lukas, C., Taya, Y., Schultz, D.C.,
Lukas, J., Bekker-Jensen, S., Bartek, J., and Shiloh, Y. (2006).
Chromatin relaxation in response to DNA double-strand breaks is
modulated by a novel ATM- and KAP-1 dependent pathway. Nat. Cell
Biol. 8, 870–876.
35. Yu, X., Fu, S., Lai, M., Baer, R., and Chen, J. (2006). BRCA1 ubiquitinates
its phosphorylation-dependent binding partner CtIP. Genes Dev. 20,
1721–1726.
36. Yuan, J., and Chen, J. (2009). N terminus of CtIP is critical for homolo-
gous recombination-mediated double-strand break repair. J. Biol.
Chem. 284, 31746–31752.
37. Wang, H., Shi, L.Z., Wong, C.C., Han, X., Hwang, P.Y., Truong, L.N., Zhu,
Q., Shao, Z., Chen, D.J., Berns, M.W., et al. (2013). The interaction
of CtIP and Nbs1 connects CDK and ATM to regulate HR-mediated
double-strand break repair. PLoS Genet. 9, e1003277.
38. Chen, L., Nievera, C.J., Lee, A.Y., and Wu, X. (2008). Cell cycle-depen-
dent complex formation of BRCA1.CtIP.MRN is important for DNA
double-strand break repair. J. Biol. Chem. 283, 7713–7720.
39. Daugaard, M., Baude, A., Fugger, K., Povlsen, L.K., Beck, H., Sørensen,
C.S., Petersen, N.H., Sorensen, P.H., Lukas, C., Bartek, J., et al. (2012).
LEDGF (p75) promotes DNA-end resection and homologous recombi-
nation. Nat. Struct. Mol. Biol. 19, 803–810.
40. Chen, X., Cui, D., Papusha, A., Zhang, X., Chu, C.D., Tang, J., Chen, K.,
Pan, X., and Ira, G. (2012). The Fun30 nucleosome remodeller promotes
resection of DNA double-strand break ends. Nature 489, 576–580.
41. Costelloe, T., Louge, R., Tomimatsu, N., Mukherjee, B., Martini, E.,
Khadaroo, B., Dubois, K., Wiegant, W.W., Thierry, A., Burma, S., et al.
(2012). The yeast Fun30 and human SMARCAD1 chromatin remodellers
promote DNA end resection. Nature 489, 581–584.
42. Eapen, V.V., Sugawara, N., Tsabar, M., Wu,W.H., and Haber, J.E. (2012).
The Saccharomyces cerevisiae chromatin remodeler Fun30 regulates
DNA end resection and checkpoint deactivation. Mol. Cell. Biol. 32,
4727–4740.
43. Kalocsay, M., Hiller, N.J., and Jentsch, S. (2009). Chromosome-wide
Rad51 spreading and SUMO-H2A.Z-dependent chromosome fixation
in response to a persistent DNA double-strand break. Mol. Cell 33,
335–343.
44. Adkins, N.L., Niu, H., Sung, P., and Peterson, C.L. (2013). Nucleosome
dynamics regulates DNA processing. Nat. Struct. Mol. Biol. 20, 836–842.
45. Xu, Y., Ayrapetov, M.K., Xu, C., Gursoy-Yuzugullu, O., Hu, Y., and Price,
B.D. (2012). Histone H2A.Z controls a critical chromatin remodeling step
required for DNA double-strand break repair. Mol. Cell 48, 723–733.
46. Morillo-Huesca, M., Clemente-Ruiz, M., Andu´jar, E., and Prado, F.
(2010). The SWR1 histone replacement complex causes genetic insta-
bility and genome-wide transcription misregulation in the absence of
H2A.Z. PLoS ONE 5, e12143.
47. Kawashima, S., Ogiwara, H., Tada, S., Harata, M., Wintersberger, U.,
Enomoto, T., and Seki, M. (2007). The INO80 complex is required fordamage-induced recombination. Biochem. Biophys. Res. Commun.
355, 835–841.
48. Shen, X., Mizuguchi, G., Hamiche, A., and Wu, C. (2000). A chromatin
remodelling complex involved in transcription and DNA processing.
Nature 406, 541–544.
49. Wu, S., Shi, Y., Mulligan, P., Gay, F., Landry, J., Liu, H., Lu, J., Qi, H.H.,
Wang, W., Nickoloff, J.A., et al. (2007). A YY1-INO80 complex regulates
genomic stability through homologous recombination-based repair.
Nat. Struct. Mol. Biol. 14, 1165–1172.
50. Min, J.N., Tian, Y., Xiao, Y., Wu, L., Li, L., and Chang, S. (2013).
The mINO80 chromatin remodeling complex is required for efficient
telomere replication and maintenance of genome stability. Cell Res.
23, 1396–1413.
51. Papamichos-Chronakis, M., Krebs, J.E., and Peterson, C.L. (2006).
Interplay between Ino80 and Swr1 chromatin remodeling enzymes
regulates cell cycle checkpoint adaptation in response to DNA damage.
Genes Dev. 20, 2437–2449.
52. Tsukuda, T., Fleming, A.B., Nickoloff, J.A., and Osley, M.A. (2005).
Chromatin remodelling at a DNA double-strand break site in
Saccharomyces cerevisiae. Nature 438, 379–383.
53. Gospodinov, A., Vaissiere, T., Krastev, D.B., Legube, G., Anachkova, B.,
and Herceg, Z. (2011). Mammalian Ino80 mediates double-strand break
repair through its role in DNA end strand resection. Mol. Cell. Biol. 31,
4735–4745.
54. Courilleau, C., Chailleux, C., Jauneau, A., Grimal, F., Briois, S., Boutet-
Robinet, E., Boudsocq, F., Trouche, D., and Canitrot, Y. (2012). The
chromatin remodeler p400 ATPase facilitates Rad51-mediated repair
of DNA double-strand breaks. J. Cell Biol. 199, 1067–1081.
55. Liu, T., Ghosal, G., Yuan, J., Chen, J., and Huang, J. (2010). FAN1 acts
with FANCI-FANCD2 to promote DNA interstrand cross-link repair.
Science 329, 693–696.
56. Wan, L., Han, J., Liu, T., Dong, S., Xie, F., Chen, H., and Huang, J. (2013).
Scaffolding protein SPIDR/KIAA0146 connects the Bloom syndrome
helicase with homologous recombination repair. Proc. Natl. Acad. Sci.
USA 110, 10646–10651.
